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Tandemly arrayed genes (TAGs) account for about one third of the duplicated genes in eukaryotic genomes, yet there has not been
any systematic study of their gene expression patterns. Taking advantage of recently published large-scale microarray data sets, we
studied the expression divergence of 361 two-member TAGs in human and 212 two-member TAGs in mouse and examined the
eﬀect of sequence divergence, gene orientation, and chromosomal proximity on the divergence of TAG expression patterns. Our
resultsshowthatthereisaweaknegativecorrelationbetweensequencedivergenceofTAGmembersandtheirexpressionsimilarity.
There is also a weak negative correlation between chromosomal proximity of TAG members and their expression similarity. We
did not detect any signiﬁcant relationship between gene orientation and expression similarity. We also found that downstream
TAG members do not show signiﬁcantly narrower expression breadth than upstream members, contrary to what we predict based
on TAG expression divergence hypothesis that we propose. Finally, we show that both chromosomal proximity and expression
correlation in TAGs do not diﬀer signiﬁcantly from their neighboring non-TAG gene pairs, suggesting that tandem duplication
is unlikely to be the cause for the higher-than-random expression association between neighboring genes on a chromosome in
human and mouse.
Copyright © 2007 Valia Shoja et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
1. INTRODUCTION
Gene expression is an important indicator of gene function.
Detailedgenefunctionishardtodecipherwithoutmanybio-
chemical and physiological experiments. However, the in-
creasing availability of large-scale gene expression proﬁling
makes it much easier to study a gene’s function in terms of its
expression. Consequently, many important questions on the
evolutionofgenefunctionhavebeenaddressedfromtheper-
spective of gene expression. One of the important questions
that has beneﬁted from large-scale gene expression data is
the evolutionary divergence of gene expression in duplicated
genes. To date, two pictures seem to be emerging from these
studies. First, divergence of gene expression appears to fol-
low the duplication-degeneration-complementation (DDC)
model [1], that is, after duplication, duplicated genes tend to
be expressed in diﬀerent set of tissues, but the total number
and types of tissues where duplicated genes are expressed are
similartothecountsfortheancestralsingle-copygene[2–5].
Second, duplicated genes tend to diverge in expression pat-
tern quickly after duplication [3, 6–8].
However, little is known about evolutionary divergence
of gene expression in tandemly arrayed genes (TAGs). These
genes are duplicated genes that neighbor each other on a
chromosome and account for nearly one third of all dupli-
cated genes in several completed eukaryotic genomes such
as human, mouse, rat, worm, Arabidopsis, and rice [9–12].
Thus, studying expression divergence in these genes will pro-
videinsightsintothefunctionaldivergenceofalargepropor-
tion of duplicated genes.
To formally study the expression divergence of these
tandemly arrayed genes, we suggest a working hypothesis
on TAG expression divergence. As TAGs are generated by
unequal crossover, depending on the location of crossover
points, the downstream member can get either the complete
(one extreme, Figure 1(a)), partial (Figure 1(b)), or no reg-
ulatory elements (the other extreme, Figure 1(c)) of its an-
cestral gene. In the last two cases, the downstream member is
born with “defects.” To be functional again, it has to capture
and obtain upstream regulatory signals for expression. Thus,
we expect that the downstream member of a TAG should
have a narrower expression breadth than its upstream copy.2 Comparative and Functional Genomics
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Figure 1:Incompleteduplicationofregulatoryelementsduetoun-
equal crossover. Diﬀerent regulatory elements are represented by
circles with diﬀerent patterns. Genes are represented by rectangles.
Unequal crossover can occur to the left or right side of the gene,
in either case, the gene copy that locates upstream will have com-
pletesetofregulatoryelements,whereasthegenethatlocatesdown-
stream will have complete, partial, or none of the original set of reg-
ulatory elements, depending on where the crossover breakpoint oc-
curs. Note that unequal crossover breakpoint can also occur in one
of the genes’ exonic or intronic regions, which can lead to partial
duplication of the gene’s exons, but in this study, we only consider
complete duplication of all exons of the genes.
In this study, we compiled a list of two-member TAGs in
human and mouse. We studied the divergence of TAG gene
expression patterns, addressed how expression divergence
is aﬀected by sequence divergence, chromosomal proxim-
ity, and relative gene orientation, and tested the working hy-
pothesis on TAG expression. Furthermore, it has been shown
that neighboring genes have highly correlated gene expres-
sion patterns in diverse organisms such as human, worm, ﬂy,
yeast, and Arabidoposis [13–16]T a n d e m l yd u p l i c a t e dg e n e s
have been thought to be one of the causes for the expression
association [14]. Here we contrasted expression association
of TAG members with that of their corresponding neighbor-
ing gene pairs to examine the interplay of duplication and
physical linkage.
2. MATERIALS AND METHODS
We retrieved the gene family information and protein se-
quences for human and mouse from Ensembl (version 39,
http://www.ensembl.org). Since information on chromo-
some location is needed to determine TAGs, only genes with
known chromosome locations were kept for further analysis.
WeusedthesamemethodtoidentifyTAGsasin[10].Forthe
p u r p o s eo ft h i ss t u d y ,w ec o n s i d e r e dT A G sw i t ha tm o s to n e
spacer (see Figure 1 in [10]). We limited our study to TAGs
of size two because patterns of crossover can be very com-
plex for TAGs with more than two members, which in turn
can complicate the interpretation of gene orientations. This
restriction did not reduce the number of arrays greatly, as we
have shown previously that most TAGs have two members
in the array for both human and mouse [10]. Altogether, we
obtained 1348 and 1618 TAGs in human and mouse, respec-
tively.
We obtained human and mouse gene expression data
from the Gene Expression Atlas (version 2, http://symatlas
.gnf.org), which is a collection of gene expression experi-
ments that surveyed the human and mouse transcriptomes
in a panel of 79 human and 61 mouse tissues [17]. This
study used the Aﬀymetrix HG-U133A array in addition to
two custom-made arrays: GNF1H for human and GNF1M
formouse,designedaccordingtohumanandmousegenome
sequences. The results presented here are based on data gen-
erated from applying the MAS5 condensation algorithm to
the Aﬀymetrix data. The algorithm reports an average dif-
ference (AD) value for each gene, which is an estimate of
the expression level in a tissue sample [18, 19]. Details of
sample annotation and preparation are given in the paper by
[17]a n da tG N F( http://wombat.gnf.org/). Two experimen-
tal replicates (samples) for each tissue were obtained in each
species. Therefore, we used the average of the two samples
for each tissue. To avoid any bias that may be caused by the
averaging method, we also randomly picked one of the two
AD values for each gene and found that all results were qual-
itatively the same as using the average values. We therefore
report only the results based on the average values.
We used the annotations available in Ensembl and GNF
to link TAGs with their probe sets. Probe sets containing
probeswithhigherlikelihoodofcross-hybridizationbetween
genes (Aﬀymetrix IDs indicated by a suﬃxo f“x at” or
“ s at”) are considered “suboptimal” reporters of gene ex-
pression [3]. For a gene with more than one probe set, if the
gene had any higher conﬁdence probe set, we discarded the
lower conﬁdence reporters, and took the average of the re-
maining probe sets. We retained lower conﬁdence reporters
iftheyweretheonlyavailableprobesetsforagene.Wefound
that most TAGs have either only one gene mapped to a probe
set, or none of the two genes linked to probe sets. Discard-
ing these TAGs left us with a total of 361 and 212 TAGs for
human and mouse, respectively.
We employed two measurements of tissue speciﬁcity.
One is expression breadth, deﬁned as the number of tissues
in which the gene has an AD value of greater than 200, corre-
sponding to ≈ 3–5 copies per cell [19]. The other is the tissue
speciﬁcityindex,τ introducedby[20].Theτ ofaspeciﬁcgene
i is
τi =
Σn
j=1

1 −logS(i, j)/logSmax(i)

n −1
,( 1 )
where n is the total number of either human or mouse tis-
sues, S(i, j) is the expression of gene i in tissue j,a n dSmax(i)
is the highest expression signal of gene i across the n tissues.
To minimize the inﬂuence of noise from low intensities, we
letS(i, j)be100ifitislowerthan100[21].Theτ valueranges
from 0 to 1, with higher values indicating higher tissue speci-
ﬁcities. If a gene is equally expressed in all tissues, τ = 0. On
the other hand, if a gene is only expressed in a few tissues, τ
approaches 1.
We used two measures to quantify similarity between the
expression proﬁles of two TAG members: the Pearson cor-
relation coeﬃcient (r) and the Jaccard index (also known as
the Jaccard similarity coeﬃcient). The Jaccard index evalu-
ates the degree of overlap in the types of tissues that two
genes are expressed in and is computed using set relations:
J(Ti,Tj) =| Ti ∩ Tj|/|Ti ∪ Tj|,w h e r eTi and Tj are the set
of tissues in which genes i and j are expressed, respectively.
Thus, the numerator is the number of tissues in which bothValia Shoja et al. 3
members of a TAG are expressed while the denominator cor-
respondstothenumberoftissuesinwhichatleastonemem-
ber is expressed.
The nucleotide sequences of TAG genes were aligned to
each other based on the alignments of corresponding protein
sequences using the suite of programs in EMBOSS [22]. The
number of synonymous substitutions per synonymous site
(KS) and the number of nonsynonymous substitutions per
nonsynonymous site (KA) were calculated using the YN00
program of PAML [23].
There are three kinds of gene orientation in a TAG of
size two: parallel orientation when two members are tran-
scribed from the same strand (→→), convergent orientation
whentwomembersaretranscribedfromoppositestrandsto-
wards each other (→← ), and divergent orientation when
two members are transcribed from opposite strands away
from each other (←→ ). Sample sizes diﬀer greatly between
TAGs with parallel, convergent, and divergent orientations.
Therefore, for statistical tests of signiﬁcance for intergenic
distances and comparisons of TAGs and neighboring non-
TAGs, we performed the nonparametric Wilcoxon signed-
ranktests,aswellasbootstrappermutationtests.Speciﬁcally,
when comparing TAGs in parallel orientations with TAGs
in convergent (resp., divergent) orientations, we randomly
sampled a subset of parallel TAGs equal in size to the set of
TAGswithconvergent(resp.,divergent)orientations.Wecal-
culated the mean of either intergenic distances or expression
correlations for this sample. We repeated this random sam-
pling 10 000 times and compared the 10 000 means with that
for the other two types of orientation.
3. RESULTS
3.1. TAGstatistics
Inhuman,altogetherweidentiﬁed361TAGsofsizetwo,with
247 in parallel, 59 in convergent, and 55 in divergent orien-
tations. In mouse, there are 212 TAGs of size two, with 150 in
parallel, 28 in convergent, and 34 in divergent orientations.
3.2. Expressiondivergence
Figure 2 shows the distribution of the two measurements of
expression similarity between TAG members for all the TAG
genes in human and mouse. Both Pearson’s r and Jaccard in-
dexJ showthatthemajorityofhumanandmouseTAGgenes
appear to have diverged in expression: 78% of genes in hu-
man have r<0.5 and 82% of genes in mouse have r<0.5;
31% of genes in human have J<0.1 and 52% of genes in
mouse have J<0.1. Both indices show that mouse seems to
have more genes that are diverged in their expression.
Expressiondivergenceandsequencedivergence
Thebasicstatisticsofsynonymous(KS)andnonsynonymous
(KA) distances are shown in Table 1. Most of the TAGs are
very diverged in their coding sequences as more than 81%
of the TAGs in human and 83% of the TAGs in mouse have
KS > 1. The correlation between KS and r is negative but
not signiﬁcant (human: r =− 0.06, P-value = .28; mouse:
r =− 0.04, P-value = .58). The correlation between KA and
r is negative but not signiﬁcant (human: r =− 0.04, P-value
= .42; mouse: r =− 0.0003, P-value = .99).
We also applied restrictions on KS and KA to examine
further the correlation between sequence divergence and ex-
pression similarity. We used the same criterion as that in [8].
Speciﬁcally, limiting gene pairs to those with KS < 1.4a n d
KA < 0.7, we are left with only 75 TAGs. There is a weak neg-
ative correlation between expression similarity r and KS(r =
−0.19, P-value = .096), a weak insigniﬁcant correlation be-
tween r and KA(r =− 0.18, P-value = .127), and the cor-
relation becomes much higher when KA < 0.2(r =− 0.30,
P-value = .042). Similarly, for mouse, we obtained 35 TAGs.
There is a negative yet not signiﬁcant correlation between r
and KS(r =− 0.15, P-value = .396), and between r and KA
when KA < 0.2(r =− 0.42, P-value = .086).
Table 1 also shows sequence divergence for diﬀerent ori-
entations. Both bootstrap permutation tests and Wilcoxon
signed-rank tests show that relative gene orientation in TAGs
haslittleeﬀectonsequencedivergencemeasuredbyeitherKS
or KA in both species (P-values range from .33 to .88 among
all pairwise comparisons of sequence divergence for diﬀerent
orientations).
Expressiondivergenceandgeneorientation
Table 1 shows the ranges and medians of Pearson’s r for gene
expressionofTAGsindiﬀerentorientations.Forbothhuman
and mouse, the medians and ranges of r between TAG mem-
bers do not diﬀer greatly among diﬀerent orientations. The
bootstrap permutation test as well as the Wilcoxon signed-
rank test show that orientation of TAGs has no eﬀect on
the expression correlation of TAG members (P-values range
f r o m. 1 8t o. 9 1 ) .
Expressiondivergenceandchromosomalproximity
Table 1 shows the ranges and medians of intergenic distances
between two members of TAGs. When considering all TAGs,
we observed a negative correlation between intergenic dis-
tancesandPearson’s r inhuman(ρ =− 0.15,P-value = .004)
butnotinmouse(ρ = 0.06,P-value = .37).Whenseparating
TAGs into groups of diﬀerent orientations, a negative cor-
relation between intergenic distances and r is observed only
for TAGs with parallel orientation in human (ρ =− 0.14, P-
value = .03).
We also examined the eﬀect of a spacer on expression
divergence of TAGs, as spacers eﬀectively increase the inter-
genic distance between two neighboring TAG members. We
deﬁned a spacer as a gene that is in between two TAG mem-
bers and has a BLASTP E-value greater than 10−10 to the two
TAG members. Since the number of TAGs with one spacer
is very small for both human (66) and mouse (37), we per-
formedbootstrapresamplingtestsandfoundthatTAGswith
one spacer show lower expression correlations than TAGs
without spacers in human with marginal signiﬁcance (P-
value = .07), but not in mouse (P-value = .9).4 Comparative and Functional Genomics
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Figure 2: Histogram of two measurements of TAGs’ tissue speciﬁcity. r is the Pearson correlation coeﬃcient between expression proﬁles of
two TAG members. J is the Jaccard index or Jaccard similarity coeﬃcient of expression proﬁles of two TAG members. The y-axis denotes the
percentage (%) of TAG gene pairs.
ComparingTAGstoneighboringnon-TAGs
To examine the eﬀect of tandem duplication on expression
divergence of neighboring genes, we identiﬁed neighboring
non-TAG gene pairs either to the immediate left or right side
of TAGs, and compared their expression divergences with
thoseofTAGs.Wewereabletoidentify105neighboringnon-
TAG pairs in human and 62 in mouse. For these pairs, we
calculated the Pearson’s correlation coeﬃcients of their gene
expression proﬁles, and then applied paired t-tests to com-
pare expression correlation of the group of TAGs with that
of the group of the corresponding neighboring non-TAGs.
Results show that expression correlation is not signiﬁcantly
diﬀerent between the two groups for both species (human:
t = 1.38, df = 104, P-value = .17; mouse: t = 1.18, df = 61,
P-value = .24).
We are also interested in whether TAGs with parallel ori-
entation have shorter intergenic distances than their neigh-
boring non-TAG gene pairs. In both species, the average in-
tergenic distance of neighboring non-TAGs was greater than
that of TAGs. However, paired t-tests show that the diﬀer-
ence of intergenic distances between TAG and neighboring
non-TAG groups is not signiﬁcant for both species (human:
t =− 1.66, df = 104, P-value = .1; mouse: t =− 1.05, df =
61, P-value = .3)
Expressionpatternsofupstreamanddownstreamgenes
To test the TED hypothesis, we compared the expression pat-
t e rn so fu p s tr e a ma n dd o wn s tr e a mm e m b e r so fT A G so fp a r -
allelorientationbothintermsofthenumberoftissueswhere
they are expressed and tissue speciﬁcity. In human, there are
96 TAGs with upstream genes more widely expressed than
downstream genes, whereas 139 TAGs have the opposite pat-
tern, and 12 TAGs with equal expression breadth between
upstream and downstream members. In mouse, there are
77 TAGs with upstream genes more widely expressed than
downstream genes, whereas 65 TAGs with the opposite pat-
tern, and 8 upstream and downstream genes equally widely
expressed.
In terms of tissue speciﬁcity, in human, there are 103
TAGs with upstream genes less speciﬁc than downstreamValia Shoja et al. 5
Table 1: TAG sequence divergence (KS and KA), expression correlation, and intergenic distances (Kb) in diﬀerent orientations.
Human Mouse
Orientation Lower Median Upper Lower Median Upper
quartile quartile quartile quartile
Sequence Parallel 1.41 5.69 64.40 1.58 8.25 63.84
divergence Convergent 1.18 3.81 65.94 2.02 41.67 67.32
KS Divergent 1.85 32.35 71.33 2.23 11.81 60.47
All 1.37 7.35 64.81 1.54 8.31 64.47
Sequence Parallel 0.29 0.44 0.61 0.28 0.46 0.63
divergence Convergent 0.19 0.39 0.54 0.25 0.45 0.59
KA Divergent 0.26 0.48 0.63 0.44 0.51 0.66
All 0.27 0.44 0.61 0.29 0.48 0.63
Expression Parallel 0.02 0.17 0.45 −0.03 0.11 0.36
correlation Convergent 0.05 0.19 0.60 −0.03 0.09 0.35
Divergent 0.06 0.19 0.58 0.05 0.10 0.24
All 0.01 0.18 0.46 −0.02 0.11 0.35
Intergenic Parallel 7.99 18.61 39.88 6.48 15.00 32.21
distance Convergent 8.61 19.02 31.45 5.85 20.40 42.66
Divergent 7.12 23.09 79.32 17.00 27.29 48.99
All 9.35 23.21 51.60 8.70 21.14 47.35
genes, whereas 137 TAGs with the opposite pattern, and 7
upstream and downstream genes with the same tissue speci-
ﬁcity. In mouse, there are 76 TAGs with upstream genes less
speciﬁc than downstream genes, whereas 72 TAGs with the
opposite pattern, and 2 upstream and downstream genes
with the same tissue speciﬁcity.
4. DISCUSSION
Gleaning indications on possible divergence of gene func-
tionsusingexpressiondatahavebecomearoutinepracticein
understanding the evolution of duplicated genes (e.g., [3, 6–
8, 24]). For instance, [7] examined 400 duplicate gene pairs
inyeastfortheirexpressiondivergenceusingmicroarraydata
and found that more than 40% of the gene pairs in the study
show diverged expression pattern even when KS < 0.1a n d
more than 80% for KS < 1.5. Similarly, [8] showed that
of the 1404 duplicate gene pairs that they studied in hu-
man, more than 73% show diverged expression in at least
o n et i s s u ew h e nKS < 0.064; the number increases to 90%
for KS < 1.2. Therefore, both studies suggest that expression
patterns of duplicate genes diverge rapidly after duplication.
Furthermore, both studies show that expression similarity is
signiﬁcantly negatively correlated with KS.
In addition, [7] found that there is a weak correlation be-
tween the Pearson correlation coeﬃcient of the expression
proﬁles and KA when KA < 0.7. This negative correlation be-
c o m e sm u c hh i g h e rf o rKA < 0.3. They noted that the 0.3 se-
lection is arbitrary and used two other values (KA < 0.25 and
KA < 0.35) and found a similar negative correlation. Simi-
larly, [8] also found a weak but signiﬁcant negative correla-
tion between expression similarity and KA for KA < 0.7i n
the human data, the negative correlation becoming stronger
when limiting the dataset to gene pairs with KA < 0.2. Taken
together, the two studies in yeast and human suggest that
expression divergence and protein sequence divergence are
coupled shortly after gene duplication.
Contrary to the ﬁndings of Li’s group, in an earlier study,
[24] found no signiﬁcant correlation between expression di-
vergence and protein sequence divergence in 144 yeast dupli-
cated genes. The data in Wagner’s study was the expression
of 144 duplicated genes measured at multiple time points in
4 physiological processes in yeast, compared to the microar-
ray data from 14 processes for 400 gene pairs in [7]. Thus,
it seems most likely that the data in Wagner’s study was too
small to detect any statistical signiﬁcance.
In fact, Wagner’s study seems to provide a good analogy
toourstudysincewealsodidnotﬁndanysigniﬁcantcorrela-
tion between expression divergence and sequence divergence
in TAGs, unlike the study of [8]. One diﬀerence between the
studies is that we used the microarray data produced by [17]
in 2004, while Makova and Li used an earlier data produced
by the same research group [19]. However, this is unlikely
to be the main reason for the discrepancy between the two
studies.
Further analyses of TAGs with diﬀerent KS and KA
thresholds suggest that our result is largely consistent with
what previous studies have found regarding the correlation
between expression similarity and sequence divergence in
duplicated genes (see results). However, most of the corre-
lations in our study are not statistically signiﬁcant, which
is most likely due to the small sample sizes (75 TAG gene
pairs in our study versus 1404 in the study of Makova and
Li). Moreover, we noted that the negative correlation coef-
ﬁcients (albeit not signiﬁcant) shown by either the 75 TAGs
in human or 35 TAGs in mouse are much higher than those
computed on the entire dataset, suggesting that expression
divergence of duplicated genes (including TAGs) and their6 Comparative and Functional Genomics
sequence divergence are strongly coupled only shortly after
duplication.
[25, 26] pointed out that the standard model of gene du-
plication assumes an exact duplication of the ancestral gene,
whereas in reality, partial duplication along with exon shuf-
ﬂing and gene fusion may also be common and aﬀect the
ultimate fate of the newly arising duplicate. They compared
the exon-intron structure of duplicated genes and found that
more than 50% of the duplicated copies exhibit gene struc-
tural divergence when KS = 0 and this number increases to
about 60% when KS < 0.1. The actual proportion of incom-
plete duplications could be even higher as only exon-intron
structures were compared between duplicated genes in their
studies. Their observation shows that it is common that the
new gene is born without all the exons that its ancestral copy
has.
Considering the complexity of gene structure, it is not
diﬃculttoimaginethatincompleteduplicationcanalsohap-
pen at the regulatory regions of a gene, in which case, only
some portions of the promoter elements of the ancestral
copy are duplicated and inherited by the newly arising copy.
In TAGs, partial duplication can be achieved mechanisti-
cally through unequal crossover as illustrated in Figure 1.I f
a crossover occurs somewhere in the middle of promoter re-
gions, the downstream gene may get only part of or none
of the regulatory elements that the upstream copy has and
is thus born “crippled” in terms of how widely it is ex-
pressed. In the extreme case where the downstream gene
is born without any regulatory elements, it has to capture
promoter elements from somewhere upstream of its coding
region. The gene’s initial expression capacity thus depends
heavily on how many regulatory elements it inherits. Taking
this phenomenon into consideration, our working hypothe-
sis on TAG expression posits that since incomplete duplica-
tion in regulatory regions can result in fewer regulatory mo-
tifs in downstream genes than their upstream genes, and be-
cause null mutations occur equally likely in the regulatory
elements of both upstream and downstream copies, down-
streamgenesareexpected tohave,on average,a narrowerex-
pression breadth and higher tissue speciﬁcity than their up-
stream copies.
There are two explanations for why our observations do
not support the working hypothesis. First, an important fac-
tor that can inﬂuence our results substantially is the age of
the TAGs. Even if downstream genes did not inherit any reg-
ulatory elements at the onset of duplication, given suﬃcient
time, they might obtain upstream regulatory motifs and be-
come expressed in diﬀerent tissues during evolution. In fact,
capturing upstream signal for expression has been reported
in a number of cases such as retrotransposed genes [27]. In
order to examine whether age has an eﬀect on our predic-
tion, we grouped TAGs into low, medium, and high diver-
gence groups based on KS and calculated for each group the
proportion of TAGs that have upstream genes more widely
expressed than downstream ones. We considered only TAGs
withdivergenceofKS < 1.3inbothhumanandmouse.There
are altogether 47 TAGs in human and 27 TAGs in mouse that
satisfy this criterion. The low, medium, and high divergences
correspond to KS intervals of (0,0.3], (0.3,0.6], and (0.6,1.3],
(0.6,1.3] (0.3,0.6] (0,0.3]
Ks intervals
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Figure 3: Proportion of TAGs with upstream genes more widely
expressed than downstream copies in three KS divergence groups,
based on two measurements (expression breadth and tissue speci-
ﬁcity). HB and MB are results using breadth measurements in hu-
man and mouse, respectively; HT and MT are results using tissue
speciﬁcity in human and mouse, respectively.
respectively. These bins were chosen to obtain roughly the
same number of genes in each KS interval. Altogether, the
low, medium, and high divergences groups contain 16, 16,
and 15 TAGs in human, respectively, and 7, 8, and 12 TAGs
in mouse, respectively. Based on the breadth measurement
(i.e., the number of tissues in which genes are expressed), the
proportions of TAGs that have upstream genes more widely
expressed than downstream genes for the three divergence
groups are 62.5%, 25.0%, 73.3% in human, respectively, and
57.1%,50.0%,50.0%inmouse,respectively.Basedonthetis-
sue speciﬁcity index, the proportions become 62.5% 56.3%,
46.7% in human, respectively, and 57.1%, 37.5%, and 50.0%
in mouse, respectively (Figure 3). Therefore, it seems that
in recently duplicated TAGs, there is a higher proportion of
TAGs that bear our prediction, and as evolution progresses,
someofthedownstreamgenemighthaveobtainednovelreg-
ulatory elements and gained new expression patterns, which
in turn led to the decrease in the proportion of TAGs in
whichupstreamgenesaremorewidelyexpressedthandown-
stream ones. As the distribution of the Jaccard Index shows
in Figure 2, most of the TAG members share little overlap in
the tissues where they are expressed, suggesting the possibil-
ity that some downstream genes might have indeed obtained
new regulatory motifs after duplication.
Second, an important assumption implied in the work-
ing hypothesis is that duplication does not necessarily con-
tain the complete set of regulatory elements. However, if
most or all of tandem duplications include the entirety of
upstream motifs, we expect no particular patterns as to
which copy should be more widely expressed because theValia Shoja et al. 7
downstream copy is equally likely to be more widely ex-
pressed than the upstream one or vice versa. The observation
that the intergenic distances between TAG members range
from 47bp (base pairs) to 4.3Mbp (mega bp) in human,
and from 160bp to 0.9Mbp in mouse with a median of
23Kbp (kilo bp) and 21Kbp in the two species, respectively
(Table 1), suggests that many tandem duplications that gen-
erated these TAGs might have included the complete set of
regulatory elements. We note that noise in microarray data is
unlikely to be a major reason, since noise should aﬀect both
upstream genes and downstream genes equally.
Gene expression is highly correlated between neighbor-
ing genes on a chromosome in organisms such as human
[28], C. elegans [14, 29], yeast [13], ﬂy [15], and A. thaliana
[16]. However, diﬀerent mechanisms seem to be responsible
for the correlation. For example, in the C. elegans genome,
tandem duplication seems to be especially common and re-
moving tandem duplicates reduces the degree of expression
correlation in neighboring genes [14, 29]. In yeast, the co-
expression of neighboring genes seems to be determined by
higher-order structures such as chromosomal domain level
controlledexpressionactivity[13].Inthispaper,thecompar-
isonoftheexpressioncorrelationofTAGgenepairswiththat
of their neighboring non-TAG gene pairs shows that neigh-
boringgenesthatarosefromtandemduplicationdonothave
signiﬁcantly higher expression correlation than ones that did
not arise from tandem duplication (see Section 3), suggest-
ingthattandemduplicationisunlikelytobethecauseforthe
higher-than-random expression association between neigh-
boring genes in human.
Studies of expression correlation between neighboring
genes also include the exploration of factors such as in-
tergenic distance and gene orientation that maybe inﬂu-
ence the expression correlation of neighboring genes (e.g.,
[13, 14, 16, 29]). Both factors seem to play a role in aﬀect-
ing the degree of expression association between neighbor-
inggenes.TAGsarespecialcasesofneighboringgenesasthey
sharesequencesimilarityduetoduplication.Consistentwith
previousstudies,ourresultsshowthatintergenicdistancebe-
tween TAG members seems to play a role in determining the
expression divergence of TAGs, at least in human. However,
the orientation of TAG gene pairs seems to have no eﬀect on
their expression correlation. Interestingly, [13] have shown
that although divergent gene pairs show highest expression
correlation among the three types of orientation, the diﬀer-
ence in expression correlation disappears when gene pairs in
diﬀerent orientations are required to have similar intergenic
distances. Consistent with this ﬁnding, our results show that
neither the intergenic distances nor the expression correla-
t i o n so fT A G sw i t hd i ﬀerent orientations are statistically dif-
ferent from each other. Taken together, the results seem to
suggest that global (chromatin) eﬀects on expression regula-
tion of the TAGs are more important than local factors such
as gene orientation and local regulatory elements.
ACKNOWLEDGMENTS
The authors thank Mark Lawson, Deng Pan, and Lenwood
Heath for helpful comments. The work was supported by
the ASPIRES (A Support Program for Innovative Research
Strategies) Grant at Virginia Tech to L. Zhang.
REFERENCES
[ 1 ]A .F o r c e ,M .L y n c h ,F .B .P i c k e t t ,A .A m o r e s ,Y . - L .Y a n ,a n d
J. Postlethwait, “Preservation of duplicate genes by comple-
mentary,degenerativemutations,”Genetics,vol.151,no.4,pp.
1531–1545, 1999.
[2] X.HeandJ.Zhang,“Rapidsubfunctionalizationaccompanied
by prolonged and substantial neofunctionalization in dupli-
c a t eg e n ee v o l u t i o n , ”Genetics, vol. 169, no. 2, pp. 1157–1164,
2005.
[3] L.HuminieckiandK.H.Wolfe,“Divergenceofspatialgeneex-
pression proﬁles following species-speciﬁc gene duplications
in human and mouse,” Genome Research, vol. 14, no. 10a, pp.
1870–1879, 2004.
[4] A. van Hoof, “Conserved functions of yeast genes support
the duplication, degeneration and complementation model
for gene duplication,” Genetics, vol. 171, no. 4, pp. 1455–1461,
2005.
[5] W. Wang, H. Yu, and M. Long, “Duplication-degeneration as
a mechanism of gene ﬁssion and the origin of new genes in
Drosophila species,” Nature Genetics, vol. 36, no. 5, pp. 523–
527, 2004.
[6] X. Gu, Z. Zhang, and W. Huang, “Rapid evolution of expres-
sion and regulatory divergences after yeast gene duplication,”
Proceedings of the National Academy of Sciences of the United
States of America, vol. 102, no. 3, pp. 707–712, 2005.
[7] Z. Gu, D. Nicolae, H. H.-S. Lu, and W.-H. Li, “Rapid diver-
genceinexpressionbetweenduplicategenesinferredfrommi-
croarray data,” Trends in Genetics, vol. 18, no. 12, pp. 609–613,
2002.
[8] K. D. Makova and W.-H. Li, “Divergence in the spatial pattern
of gene expression between human duplicate genes,” Genome
Research, vol. 13, no. 7, pp. 1638–1645, 2003.
[9] C. Rizzon, L. Ponger, and B. S. Gaut, “Striking similarities in
the genomic distribution of tandemly arrayed genes in Ara-
bidopsis and rice,” PLoS Computational Biology,v o l .2 ,n o .9 ,p .
e115, 2006.
[10] V. Shoja and L. Zhang, “A roadmap of tandemly arrayed genes
in the genomes of human, mouse, and rat,” Molecular Biology
and Evolution, vol. 23, no. 11, pp. 2134–2141, 2006.
[11] J. Yu, J. Wang, W. Lin, et al., “The genomes of Oryza sativa:
a history of duplications,” PLoS Biology,v o l .3 ,n o .2 ,p .e 3 8 ,
2005.
[12] L. Zhang and B. S. Gaut, “Does recombination shape the dis-
tribution and evolution of tandemly arrayed genes (TAGs) in
the Arabidopsis thaliana genome?” Genome Research, vol. 13,
no. 12, pp. 2533–2540, 2003.
[13] B. A. Cohen, R. D. Mitra, J. D. Hughes, and G. M. Church, “A
computational analysis of whole-genome expression data re-
veals chromosomal domains of gene expression,” Nature Ge-
netics, vol. 26, no. 2, pp. 183–186, 2000.
[14] M. J. Lercher, T. Blumenthal, and L. D. Hurst, “Coexpression
of neighboring genes in Caenorhabditis elegans is mostly due
to operons and duplicate genes,” Genome Research, vol. 13,
no. 2, pp. 238–243, 2003.
[15] P. T. Spellman and G. M. Rubin, “Evidence for large domains
of similarly expressed genes in the Drosophila genome,” Jour-
nal of Biology, vol. 1, no. 1, pp. 5.1–5.8, 2002.8 Comparative and Functional Genomics
[16] E. J. B. Williams and D. J. Bowles, “Coexpression of neighbor-
ing genes in the genome of Arabidopsis thaliana,” Genome Re-
search, vol. 14, no. 6, pp. 1060–1067, 2004.
[17] A. I. Su, T. Wiltshire, S. Batalov, et al., “A gene atlas of the
mouse and human protein-encoding transcriptomes,” Pro-
ceedingsoftheNationalAcademyofSciencesoftheUnitedStates
of America, vol. 101, no. 16, pp. 6062–6067, 2004.
[18] E. Hubbell, W.-M. Liu, and R. Mei, “Robust estimators for ex-
pression analysis,” Bioinformatics, vol. 18, no. 12, pp. 1585–
1592, 2002.
[19] A. I. Su, M. P. Cooke, K. A. Ching, et al., “Large-scale analysis
of the human and mouse transcriptomes,” Proceedings of the
National Academy of Sciences of the United States of America,
vol. 99, no. 7, pp. 4465–4470, 2002.
[20] I. Yanai, D. Graur, and R. Ophir, “Incongruent expression
proﬁles between human and mouse orthologous genes sug-
gest widespread neutral evolution of transcription control,”
OMICS, vol. 8, no. 1, pp. 15–24, 2004.
[21] B.-Y. Liao and J. Zhang, “Low rates of expression proﬁle diver-
gence in highly expressed genes and tissue-speciﬁc genes dur-
ing mammalian evolution,” Molecular Biology and Evolution,
vol. 23, no. 6, pp. 1119–1128, 2006.
[22] P. Rice, I. Longden, and A. Bleasby, “EMBOSS: the European
molecular biology open software suite,” Trends in Genetics,
vol. 16, no. 6, pp. 276–277, 2000.
[23] Z. Yang, “PAML: a program package for phylogenetic analysis
by maximum likelihood,” Computer Applications in the Bio-
sciences, vol. 13, no. 5, pp. 555–556, 1997.
[24] A.Wagner,“DecoupledevolutionofcodingregionandmRNA
expression patterns after gene duplication: implications for
the neutralist-selectionist debate,” Proceedings of the National
Academy of Sciences of the United States of America, vol. 97,
no. 12, pp. 6579–6584, 2000.
[25] V. Katju and M. Lynch, “The structure and early evolution of
recently arisen gene duplicates in the Caenorhabditis elegans
genome,” Genetics, vol. 165, no. 4, pp. 1793–1803, 2003.
[26] V. Katju and M. Lynch, “On the formation of novel genes by
duplication in the Caenorhabditis elegans genome,” Molecular
Biology and Evolution, vol. 23, no. 5, pp. 1056–1067, 2006.
[27] M. Long, “Evolution of novel genes,” Current Opinion in Ge-
netics & Development, vol. 11, no. 6, pp. 673–680, 2001.
[28] M. J. Lercher, A. O. Urrutia, and L. D. Hurst, “Clustering of
housekeeping genes provides a uniﬁed model of gene order in
the human genome,” Nature Genetics, vol. 31, no. 2, pp. 180–
183, 2002.
[29] N. Chen and L. D. Stein, “Conservation and functional sig-
niﬁcance of gene topology in the genome of Caenorhabditis
elegans,” Genome Research, vol. 16, no. 5, pp. 606–617, 2006.